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Abstract 
Ceramic metal oxides based on calcium strontium nickel (CSN) were synthesized via a combined 
EDTA-citric acid complexation method and evaluated using Orange II (OII) as the model pollutant 
under dark conditions, without adding any external stimulants. The CSN catalyst was characterized 
by a very fast reaction reaching 97% OII degradation within 5 min. The surface of CSN metal 
oxides proved to be very active toward the breakdown of the-N=N- azo bond of OII. A second 
electron generating pathway was found as Ni
2+
 phase in the CSN catalyst oxidized to Ni
3+
 for the 
spent catalyst. Both electron generating pathways resulted in the formation of hydroxyl radicals 
(OH) as determined using radical quenchers. Hydroxyl radicals were responsible for the formation 
of several intermediate products. The Ni
2+
 phase was very active contrary to the Ni
3+
 phase which 
could not degrade OII. The fast degradation kinetics of OII using CSN in dark at room temperature 
was attributed to the double electron generation pathways. 
 
Key words: Ceramics, Ni
2+
 phase; OII degradation; dark condition; fast reaction. 
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1. Introduction 
Water pollution by discharged dyes from the textile industry is a major global environmental 
concern, with serious sustainability implications for society. Many dyes are hazardous to the 
environment and are toxic to living organisms, directly or through their absorption or reflection of 
sunlight entering the water [1-3]. Dyes usually have poor biodegradability and good resistance to 
UV or visible light irradiation [4, 5]. Therefore, various physical, chemical and biological processes 
are used to treat dye-containing wastewater. These include adsorption [6], coagulation/membrane 
nanofiltration [7], electrochemical [8], microbiological fuel cell [9], ozonation [10], Fenton reaction 
[11-13] and photocatalysis [14-16]. However, these processes usually involve complicated 
procedures, or are economically unfeasible or limited in terms of operation conditions [17]. Thus, 
the development of fast, simple and effective methods to remove dyes from dye-contaminated 
wastewaters is of vital environmental significance. 
 
Recently, metal oxides became desirable as they can oxidize and remove organic compounds in the 
dark without adding external stimulants and energy. For instance, many metal oxides have been 
reported to degraded dyes in the dark such as BaFeO3- degraded 80% methyl orange in 30 h [18], 
SrFeO3- degraded 98% acid orange 8 in 10 min [19] and La4Ni3O10 degraded ~97% methyl orange 
in 3.5 h [20]. Hence, metal oxides are attractive as their operation under dark conditions simplifies 
the engineering configuration of textile wastewater plants, whilst reducing operational costs by 
dispensing the need of catalytic stimulants such as peroxides in the heterogeneous Fenton-like 
reaction or energy in photo-catalysis using UV/visible light irradiation.  
 
Chen et al. [21] reported very recently on a metal oxide CaxSr1-xCuO compound which could 
degrade 60 and 90% acid orange 7 (OII = 20ppm) in 10 and 60 min under dark conditions, 
respectively. Based on this general formula, there is an array of metal oxides that can be replaced, 
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so opening a window of research opportunities to develop more efficient metal oxide-based 
catalysts. One of the metal ions of interest is Ni, which is low-cost, non-noble metal catalyst widely 
used for industrial applications. The use of Ni has been demonstrated as LaNiO3 and as 
LaNiO3/graphene composites for photo-degradation for methyl orange [22] and acid red [23], or as 
Ni(II)-substituted Bi2VO5.5 for the degradation of 4-SPPN under visible light irradiation [24]. Most 
importantly, Ni-containing La4Ni3O10 [20] and La2NiO4 [25] have shown the potential to degrade 
organics in the dark. 
 
Therefore, this work investigates the catalytic effect of a metal oxide compounds containing Ca, Sr 
and Ni for the degradation of OII, a dye which contains azo groups (R1‒N=N‒R2) and represents 
~60-70% of the global production of azo dyes [26, 27]. The compound of interest is Ca0.5Sr0.5NiO 
(denoted as CSN) metal oxides. The CSN compound was fully characterized to understand its 
material make up. Further, the CSN compound was assessed for OII degradation from 10 to 40 ppm 
in the dark at room temperature, including determination of intermediate products. Finally, a 
reaction mechanism is proposed based on the CSN materials characteristic and degradation reaction 
performance. 
 
2. Materials and Methods 
2.1. Materials, synthesis and characterization 
Calcium nitrate tetrahydrate, citric acid monohydrate, aqueous ammonia solution and 
ethylenediaminetetra acetic acid disodium salt dehydrate (EDTA-2Na) were purchased from Chem-
Supply Pty Ltd. Strontium nitrate, and isopropanol (IPA) were obtained from Alfa Aesar. 
Ethylenediamine tetra-acetic acid (EDTA) and potassium iodide (KI) was purchased from Ajar 
FineChem Pty Ltd. Nickel (II) nitrate hexahydrate, potassium bromate (KBrO3), and Acid Orange 7 
were supplied by Sigma-Aldrich. All reagents were at least of analytical grade and used as received. 
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The molar ratio of total metal ions : EDTA : citric acid : ammonium hydroxide was constant  set at 
1:1.1:2:10. In a typical synthesis procedure, two separate solutions were prepared. Solution I 
contained ammonia aqueous, which was added slowly to a beaker containing EDTA under magnetic 
stirring until full dispersion and formation of a transparent solution. Solution II contained 
stoichiometric amounts of nitrate salts and citric acid dissolved into deionized water. Then solution 
I was dispersed into Solution II under vigorous magnetic stirring. Subsequently, the resultant 
mixture was heated to evaporate most water to attain a viscous fluid. The viscous fluid was initially 
sintered in atmospheric air in a furnace up to 450℃ for 8 h with heating and cooling rates of 5 ℃ 
min
-1
. A second sintering step was applied up to 1000 ℃ using the same dwell time and ramping 
rates. The obtained powder was milled and stored for further use. 
 
The powder morphology was analysed using a scanning electron microscope (SEM) equipped with 
an energy dispersive X-ray spectroscopy (EDS). Powder X-ray diffraction (XRD) was used for 
phase identification using an X-ray diffractometer (XRD, D8 Advance, Bruker, USA) with Cu-Kα 
radiation (λ=1.5406 Å, 40Kv, 40Ma, 10 ≤ 2θ ≤ 100). Surface chemical components and valence 
states were characterized by X-ray photoelectron spectrometer (XPS) (Kratos Axis ULTRA) 
equipped with monochromatic Al K𝛼 (hν=1486.6 eV) radiation. 
 
2.2. Catalytic Activity Evaluation 
The catalytic activity of CSN was evaluated using Acid Orange 7 (OII >85% Sigma-Aldrich) in an 
aqueous solution at 20 ppm as the model pollutant. The reaction was initially carried out by 
dispersing CSN in a OII solution with CSN dosage of 1g L
-1
 in the dark at room temperature 
without external reagents or energy input. The suspension was stirred continuously and at given 
time intervals, 5 mL aliquots were taken out and filtered using 0.45 μm Milipore syringe filters. 
Evolution of OII concentration was monitored by measuring the adsorption intensity at =485 nm 
using a UV-Vis spectrophotometer (Evolution 220, Thermo Fisher Scientific). A blank test was 
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performed in the absence of CSN under otherwise identical conditions. To clarify the reactive 
species involved in the degradation of OII by CSN, several trapping experiments were performed. 
KBrO3 (0.10 M) was used as an electron scavenger, IPA (0.10 M) and KI (0.10 M) to scavenge 
hydroxyl radicals (OH). In addition, a chelating agent (EDTA-2Na (0.10 M)) was added into the 
reaction suspension to investigate whether the degradation occurred on CSN surface or not.  
 
Degradation products were determined using liquid chromatography-mass spectrometry (LC-MS) 
system. A LC  system (UltiMate 3000, UHPLC
+
 focused, Thermmo Scientific) was equipped with a 
C18 column (4.6 mm × 150 mm × 5 m) and coupled online to an electrospray ionisation mass 
spectrometer (ESI-MS, Thermo Fisher Scientific Orbitrap Elite). Total organic carbon (TOC) was 
measured using a Shimadzu TOC analyzer (model TOC-VCSH). The mineralization degree of OII 
was calculated using the TOC values of OII solutions (20 ppm) before and after reaction (120 min). 
 
3. Results and Discussion 
3.1 Characterization 
Both raw (i.e., pristine as-prepared) and spent (i.e., tested for degradation) CSN consist of 
agglomerate particles of micrometer size (Fig. 1). Raw CSN clearly shows the formation of necks 
between smaller and larger particles (Fig. 1a), an effect of sintering metal oxides at high 
temperatures up to 1000 ℃. The spent CSN (Fig. 1b) shows particles of the same size as the pristine 
sample, though the surface became rough with lots of small particles protruding around each larger 
particle. This result suggests that the morphological features of the CSN sample slightly changed 
after reaction. The nitrogen sorption of CSN samples displayed isotherms of type III (Appendix – 
Fig. A1), a characteristic of non-porous materials. Essentially, the BET surface area were ~ 1 m
2
 g
-1
, 
in line with micron sized particles visually observed in the SEM images in Fig. 1. 
 
Fig. 1. <insert here>. 
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Fig. 2. <insert here>. 
 
The XRD patterns for both raw and spent CSN are depicted in Fig. 2. These patterns are 
characterised by sharp and intense peaks, thus demonstrating the crystal structure of CSN metal 
oxides. The intense peaks at 2 37.1, 43.0, 62.7, 75.2 and 79.2 are attributed to cubic NiO 
(PDF#01-073-1523) while low intense peaks at 18.0, 28.6, 34.0, and 47.0 are ascribed to Ca(OH)2 
(PDF#00-044-1481). Peaks at 14.2, 19.3, 24.2, 26.3, 28.2, 31.4, 31.8, 39.0 and 40.3 are assigned to 
Sr(OH)2*H2O (PDF#00-028-1222) in the raw sample. The spent CSN sample is represented by two 
phases, one of which was (Sr, Ca)CO3 (PDF#44-1421) with the peaks at 2 25.6, 29.4, 36.2, 44.1, 
47 and 50. The remaining peaks were assigned to patterns of  rhombohedral NiO phase (PDF#01-
089-7390) with main peaks at 37.1, 43.0, 62.7, 75.2, 79.2, 79.3, 79.5, 79.6 and 94.9. These results 
suggest changes in the phase of the CSN catalyst after reaction. 
 
Fig. 3. <insert here>. 
 
Ca, Sr, Ni and O were observed in the XPS survey spectra of both raw and spent CSN (see 
Appendix Fig. A2). Fig. 3 shows that the peaks for both Ca and Sr remained unchanged before and 
after reaction, thus suggesting that these elements were not affected during the degradation of OII. 
However, Ni was affected as changes were observed in the peaks of the raw and spent CSN samples. 
The two main peaks at ~873.6 eV and ~856.2 eV were assigned to Ni 2p1/2 and Ni 2p3/2, 
respectively [28]. Ni 2p spectra (Fig. 5c) consist of two spin-orbit doublets of Ni 2p and two shake 
up satellites denoted as “Sat”. The Ni 2p3/2 XPS spectra were fitted into two sub-peaks centered at 
~854.3 and ~856.2 eV, which pertain to Ni
2+
 and Ni
3+
 ions, respectively [29]. It is clearly observed 
that the Ni
2+
 peaks comparatively to Ni
3+
 peaks reduced significantly in intensity after OII 
degradation. This result strongly suggests that Ni
2+
 in the raw CSN oxidized to Ni
3+
 in the spent 
CSN. 
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3.2 Reaction assessment 
The UV-vis spectra of the OII solutions prior and after reaction are displayed in Fig. 4. The 
absorbance peak at 485 nm assigned to azo groups [30] almost fully disappeared within 5 min, 
leading to the fast discoloration of OII. This implies that the -N=N- bonds in the azo group in OII 
was almost fully degraded by the CSN catalyst. However, other compounds of OII did not seem to 
be degraded. For instance, two emerging peaks observed at 200 and 254 nm might be associated 
with the generation of sulfanilamide and 1-amino-2-naphtol [31]. The peak at 254 nm, which is 
attributed to aromatic intermediates, intensified with time before remaining practically constant by 
the end of experiment (Fig. 4a), indicating that aromatic intermediates remained in the solution. A 
new absorbance peak at 344 nm appeared at first and then decreased with time, indicating further 
degradation of intermediates compounds (Fig. 4c). The OII did not degrade without the CSN 
catalyst under dark conditions (Appendix – Fig. A3). Further, OII solutions obtained after the 
reaction with CSN samples were acidified and resulted in non-significant (Appendix – Fig. A4) 
changes in the OII degradation. Therefore, all the degradation results in this work are entirely 
attributed to the catalytic effect of CSN. 
 
Fig. 4. <insert here>. 
 
The effect of OII degradation was investigated by varying the OII concentration from 10 to 40 ppm. 
Fig. 5a shows a very fast degradation of OII within 5 min independently of its concentration. It is 
interesting to observe that at low OII concentrations of 10 and 20 ppm, OII degradation was almost 
complete close to 100%. However, the degradation efficiency reduced from ~90 to ~75% as the OII 
concentration increased from 25 to 40 ppm, respectively. These results suggest that the CSN 
catalyst started losing its catalytic activity. Therefore, CSN samples were recycled to determine 
their stability. Fig. 5b clearly indicates that CSN catalysts lose their activity at every subsequent 
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cycle. This is attributed to the oxidation of nickel from Ni
2+
 to Ni
3+
 as verified in the XPS analysis 
(Fig. 3). In other words, Ni
2+
 is the active phase. The loss of the active phase is common in iron 
oxides in the heterogeneous Fenton like reaction [32, 33] which is extensively used for the 
degradation of OII. 
 
Fig. 5. <insert here>.  
 
HPLC chromatograms of initial and treated OII solutions for 2 h are displayed in Fig. 6. OII has a 
typical peak with the retention time tR of 1.7 min and the combined peaks at 1.1 and 1.2 min are 
related to the coexisting of other compounds in OII powder. Fig. 6a clearly shows that the peak at 
1.7 min decreased significantly after 2 h of reaction. However, the intensity of the combined peaks 
at 1.1 and 1.2 min increased concurrently, indicating the corresponding compounds were 
accumulating. It is noteworthy that the relevant intensity of these peaks varied after the reaction as 
observed in Figs. 6b and 6c, thus indicating changes in their concentration after 2 h reaction. Table 
1 lists a number of intermediate products which were identified by LC-MS for OII degradation 
sample after 2 h reaction. These results confirm the degradation of OII and the generation of a 
number of intermediates in the presence of CSN under dark conditions at room temperature.  
 
Fig. 6. <insert here>. 
 
Table 1 - Reaction product ions identified from the degradation of OII after 2h 
Ion number m/z [M-H]
-
 Elemental Formula (ion) 
1 200.9863 C7H5SO5
–
 
2 191.0351 C10H7O4
–
 
3 121.0294 C7H5O2
–
 
4 165.0195 C8H5O4
–
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5 172.0072 C6H6NO3S
–
 
6 172.9915 C6H5O4S
–
 
7 156.9964 C6H5O3S 
–
 
8 173.0245 C10H5O3
–
 
9 343.0392 C16H11N2O5S
–
 
10 171.0160 C16H10N2O5S2
–
 
11 315.0331 C16H11O5S
–
 
12 327.0444 C16H11N2O4S
–
 
 
The fate of non-accounted carbon by TOC was further investigated to ensure if this value was 
associated with mineralisation or adsorption on the CSN catalyst. The TGA results in Fig. 7 show 
that the blank CSN sample (exposed to water for 2 h but no OII) follows similar mass loss as the 
spent CSN sample. The final mass loss difference between the blank and spent CSN sample is ~2.2% 
per gram, equivalent to 22 mg. The spent CSN sample (1 g L
-1
) was tested for a concentration of 20 
ppm and 10% could not be accounted for as per TOC results, which is equivalent to 2 ppm or 2 mg. 
Hence, a fraction of the compounds containing carbon did actually adsorb on the surface of the CSC 
catalyst.  
 
Fig. 7. <insert here>. 
 
3.3 Degradation mechanism 
Based on the above results, the degradation of OII took place via two electron transfer mechanisms. 
The first electron transfer mechanism (I) is associated with the contact of the OII molecule with the 
CSN catalyst (Eq. 1). Due to the catalytic activity of the surface of the CSN particle, this causes the 
breakdown of weakest bonds in OII which are -N=N- azo group, thus generating electrons (Eq. 2). 
This is supported by disappearance of the UV-vis spectra absorbance peak at 485 nm in Fig. 4, 
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responsible for the discoloration of the solution. The second electron transfer mechanism (II) is 
associated with the oxidation of Ni
2+
 in the raw CSN to Ni
3+
 in the spent CSN. This is evidenced by 
the XPS results in Fig. 3, and the oxidation of Ni
2+
 to Ni
3+
 donated an electron (Eq. 3). 
 
Equations 1 to 3 suggest that the degradation mechanism of OII is dominated by the surface 
properties of CSN. However, they do not explain the number of intermediates identified in Table 1, 
which require reaction with radicals for their formation. Recently, Tummino et al. [34] reported the 
presence of hydroxyl radical species (   ) for the degradation of OII under dark conditions by 
metal oxides containing SrCeFe oxides. In order to elucidate the reaction pathways in this work, 
further experimental work was carried out using a number of radical quenchers to determine the 
reactive species/radicals.  These included a chelating agent (EDTA-2Na), an electron scavenger 
(KBrO3), and OH scavengers (KI and IPA). Fig. 8 shows that EDTA-2Na dramatically suppressed 
OII degradation. This result indicates that EDTA-2NA chelated on the surface of OII so blocking 
the contact of OII with the CSN surface. In other words, confirming that OII degradation occurred 
on the CSN surface. KBrO3 also reduced the degradation of OII thus indicating that electrons were 
generated during the degradation reaction. Likewise, OII degradation reduced in the presence of KI 
and IPA, thus confirming the generation OH. 
 
Fig. 8. <insert here>.  
 
Based on the above trapping experimental results, the reactive species responsible for the 
production of intermediates and/or further OII degradation can be elucidated.  The electrons 
generated by the brake down of -N=N- azo group and those donated by the oxidation of bivalent 
nickel ions have the propensity to form superoxide radical anion   
  (Eq. 4) in aqueous solutions. 
This leads to the subsequent generation of hydroperoxyl radical    
  (Eq. 5),      (Eq. 6), and 
finally hydroxyl radical     and OH-(Eq. 7). Hydroxyl radical is responsible for further reactions 
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and the formation of several intermediates (Table 1). Fig. 9 schematically illustrate the reaction 
pathways of OII degradation using CSN catalysts under dark conditions at room temperature. 
 
Fig. 9. <insert here>. 
 
                              (1) 
               
         (2) 
                             (3) 
        
      (4) 
  
         
     (5) 
    
             (6) 
      
            (7) 
                           (8) 
 
In addition, the Ni
2+
 phase of CSN proved to be very active as 97% of OII (20 ppm) was degraded 
within 5 minutes. The extra generation of electrons by the oxidation of Ni
2+
 to Ni
3+
 also promoted 
the formation reactive species. For comparison purpose, the CSN degradation kinetics was much 
faster under dark condition than other advanced catalysts. For instance, TiO2 reached 66% 
degradation (OII = 35 ppm) in 30 min under UV irradiation [35], TiO2-graphene nanocomoposite 
degraded 81% of OII (20 ppm) in 90 min under solar irradiation [36], AgCl@Ag@TiO2 delivered 
98% OII (20 ppm) degradation in 20 min under visible light [37], and graphene oxide/Fe1-xZnxOy 
catalysts under UV-irradiation and Fenton reaction achieved 72% OII (35 ppm) in 180 min [38]. 
Apart from fast degradation kinetics in this work, it must be noted that the Ni
2+
 phase of CSN was 
very active under dark conditions, a major advantage over other catalysts, which required light 
irradiation or peroxide in the heterogeneous Fenton-like reaction. 
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4 Conclusions 
This work shows that the Ni
2+
 phase of ceramic base catalysts containing calcium strontium nickel 
(CSN) metal oxides was very efficient in degrading a pollutant textile dye (OII). The surface of the 
CSN catalyst proved to be very active by rapidly degrading up to 97% OII within 5 min. The fast 
reaction kinetics was attributed to electron generation from the breaking down of azo groups and 
from the oxidation of Ni
2+
 to Ni
3+
. The generation of electrons in aqueous solution led to several 
reactions and very importantly to the formation of powerful hydroxyl radicals, thus breaking down 
OII molecules into many intermediate products. Whilst the reduced Ni
2+
 phase in CSN proved to be 
very active in degrading OII, the oxidised Ni
3+
 phase lost its catalytic activity, thus warranting 
further research to stabilise the Ni
2+
 phase. Nevertheless, it is noteworthy that CSN degraded OII 
under dark ambient conditions without the aid of external stimulants. This is contrary to the 
majority of the advanced oxidation processes employing Fenton-type catalysis or photocatalysis, 
which require chemical additives and energy input. Apart from simplifying the engineering scale-up 
design of wastewater process plants from the textile industry, active ceramic metal oxides 
potentially reduce operating costs by dispensing the need of chemical additives such as peroxide 
and energy. On a life cycle basis, these achievements are desirable as the treatment plant 
environmental foot print is reduced. 
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form (P4). Experimental conditions: [OII]0=20 ppm, [CSN]=1 g L
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Fig. 5 – (a) Effect of dye initial concentrations on degradation efficiency, and (b) reaction cycle 
stability. Experimental conditions: [CSN]=1 g L
-1
, magnetic stirring, RT, dark.  
 
 
 
Fig. 6 - (a) HPLC chromatograms of initial OII and treated OII after 2h. (b) UV-vis absorbance 
spectra of treated OII solution at the retention time of 1.1, 1.2 and 1.7 min. 
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Fig. 7 – Mass loss of spent CSN (OII = 20 ppm) and blank CSN (exposed to water only) samples. 
 
Fig. 8 - Effect of reaction quenchers on OII degradation by CSN. Experimental conditions: 
[OII]0=20 ppm, [CSN]=1 g L
-1
, [EDTA-2Na]=[KI]=[IPA]=[KBrO3]=0.10 M, magnetic stirring, RT, 
dark.  
 
Fig. 9. Illustration of sensitization degradation mechanism for OII degradation over CSN for [I] 
direct electron transfer and [II] nickel oxidation. 
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Fig. A1 – Nitrogen sorption isotherm for adsorption (square) and desorption (circle). 
 
 
Fig. A2 – XPS wide survey scan. 
 
Fig. A3. The UV-Vis absorbance spectra of OII in dark under magnetic stirring. 
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Fig. A4. UV-vis spectra of treated OII solution by CSN after acidification. 
 
Graphical Abstract 
 
Research Highlights 
 Calcium strontium nickel (CSN) degraded Orange II (OII) under dark conditions 
 Very fast reaction reaching 97% OII degradation within 5 min 
 The surface of CSN broke down the -N=N- azo bond, generating electrons 
 Ni2+ phase in the CSN oxidized to Ni3+ for the spent catalyst, generating electrons 
 Ni2+ phase was very active contrary to the Ni3+ phase which could not degrade OII 
 
 
